To apply the high-precision realistic nucleon-nucleon (N N ) potentials on the investigations of relativistic many-body methods, the new versions of charge-dependent Bonn (CD-Bonn) N N potential are constructed within the pseudovector pion-nucleon coupling instead of the pseudoscalar type in the original CD-Bonn potential worked out by Machleidt [Phys. Rev. C 63, 024001 (2001)]. Two effective scalar mesons are introduced, whose coupling constants with nucleon are independently determined at each partial wave for total angular momentum J ≤ 4, to describe the charge dependence of N N scattering data precisely, while the coupling constants between vector, pseudovector mesons and nucleon are identical in all channels. Three revised CD-Bonn potentials adopting the pseudovector pion-nucleon couplings (pvCD-Bonn) are generated by fitting the Nijmegen PWA phase shift data and deuteron binding energy with different pion-nucleon coupling strengths, which can reproduce the phase shifts at spin-single channels and low-energy N N scattering parameters very well, and provide the significantly different mixing parameters at spintriplet channels. Furthermore, the D-state probabilities of deuteron from these potentials range from 4.22% to 6.05%. It demonstrates that these potentials contain different components of tensor force, which will be useful to discuss the roles of tensor force in nuclear few-body and many-body systems.
I. INTRODUCTION
The nucleon-nucleon (NN) interaction is the most essential physical quantity to interpret the world of nuclear physics, which determines how the protons and neutrons compose a complex quantum system. It is regarded as a residual effect of strong interaction at low energy region, where the quantum chromodynamics (QCD) theory cannot be solved perturbatively. Therefore, the NN interaction is usually described by the meson-exchange model proposed by Yukawa firstly [1] . In the 1960s, heavier bosons were included in this scheme to deal with the intermediate-and short-range regions of NN interaction. Generally speaking, there are two kinds of nuclear interactions. The first kind is constructed based on the free NN scattering data, such as differential cross section and polarization, named as realistic NN interaction, while the other one is extracted from the properties of finite nuclei and infinite nuclear matter [2] [3] [4] [5] [6] [7] . The latter is called as the effective NN interaction in terms of the nuclear medium effects.
A reasonable NN force model should not only describe the interacting behaviors of nucleons, i.e., the strong repulsion at short range, the large attraction at intermediate range, and the small tail at long range, but also satisfy several basic symmetries, such as, rotation invariance in space, translation invariance, space reflection invariance, and so on. Therefore, at the early stage, the NN forces were constructed in the coordinate space in terms of the angular momentum operators which accord with the symmetry requirements, such as Hamada-Johnston potential [8] and Reid68 potential [9] in the non-relativistic framework.
On the other hand, the one-boson-exchange (OBE) potentials were proposed based on the development of quantum field theory, where the nucleon interacts with each other by exchanging several mesons whose masses are below 1 GeV [10] . With the great achievements of OBE potentials, more degrees of freedom, like multi-meson exchange and ∆ isobar were introduced, which generated the Bonn full models [11, 12] .
In 1990s, the effects of charge independence breaking (CIB) and charge symmetry breaking (CSB) were introduced in nuclear force due to the detailed analysis from the thousands of NN scattering data. The high-precision NN forces were constructed such as, Reid93, Nijmegen 93, Nijmegen I, Nijmegen II, and AV18 potentials [13, 14] . The chiral perturbation theory was also applied to derive the NN interaction firstly proposed by Weinberg [15] [16] [17] .
The chiral NN potentials have been built up to the fifth-order expansion until now [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
In 2000, a covariant charge-dependent OBE (CD-Bonn) potential was proposed by Machleidt as a very high-precision NN interaction, which can describe the NN scattering data very well, with χ 2 /datum ∼ 1 [29] . There are ω, ρ, π mesons and two scalar mesons σ 1 and σ 2 in CD-Bonn potential, which was widely applied to study the properties of nuclear systems, from light nuclei to heavy nuclei and infinite nuclear matter.
The pion as the first discovered meson mainly determines the behavior of NN interaction at long-range region. It also denotes one of the most crucial characters of QCD theory, chiral symmetry, as a Goldstone boson. However, the coupling between pion and nucleon has two possible ways, namely the pseudoscalar (PS) or pseudovector (PV) coupling. Actually, the on-shell amplitudes of one-pion exchange from the PS and PV πNN couplings are identical.
Caia et al. also examined the differences between PS and PV couplings of pion and η meson in NN potentials in terms of two kinds of scattering equations, i.e., Lippmann-Schwinger equation and Thompson equation [30] . It was found that the differences of phase shifts and binding properties for two-nucleon system were very small between PS and PV couplings in these two approaches. The largest difference between these two couplings appeared in the mixing parameter ε 1 at J = 1 channel. This mixing parameter is strongly related to the strength of tensor component in NN interaction. Therefore, the D-state probability, quadrupole moment and asymptotic S-state amplitude of deuteron have a few distinctions between the PS and PV couplings.
On the other hand, in the calculations of pion-nucleon scattering, the unitarity and analytic continuation of πN to the ππ ⇋ NN and so on, the PV coupling was preferred [31, 32] .
In the chiral perturbation theory, the coupling between pion and nucleon was also taken as the PV type in low energy region to analyze the pion electroproduction and photoproduction [33, 34] . Furthermore, when the NN potentials with PS coupling were applied to the relativistic nuclear many-body methods, a spurious strong attraction was generated due to its strong coupling to negative energy states, which is absent in non-relativistic framework, while the PV type suppresses its coupling to the antinucleons since its matrix element between the antinucleon and nucleon vanishes in the on-shell scattering [35] . For example, the PV couplings were adopted in Bonn A, B, C potentials, which were successfully used in the relativistic Bruckner-Hartree-Fock method and led to relatively reasonable saturation properties of nuclear matter [36] .
In this work, we would like to develop a revised version of CD-Bonn potential with PV coupling for pion, which can be applied to the relativistic nuclear many-body methods. The theoretical framework of CD-Bonn potential is kept except using the PV coupling instead of PS coupling between pion and nucleon. As an attempt, the coupling constants and the cut-off momenta in form factors for various mesons will be determined by fitting the phase shifts from Nijmegen PWA in present stage. The paper is arranged as follows: in Sec. II, the necessary formulas about the OBE potential and NN scattering are presented. In Sec. III, the CD-Bonn potentials with PV coupling are shown and the properties of two-nucleon scattering and binding states from these potentials are presented. Summary and outlook are given in Sec. IV.
II. THE CD-BONN POTENTIALS WITH PSEUDOVECTOR PION-NUCLEON

COUPLING
In conventional OBE potential, there are six mesons whose masses are below 1 GeV, i.e., σ, ω, ρ, π, η, δ mesons [11, 12] . In CD-Bonn potential, two heavier mesons, δ and η were not considered [29] . Furthermore, to better simulate the broad contribution from the 2π + πρ exchange in the intermediate range between two nucleons, two scalar mesons σ 1 and σ 2 were included. The Lagrangians which describe mesons-nucleon couplings in CD-Bonn potential are given as:
for σ, ω, and ρ mesons. Here ψ denotes the nucleon field and ϕ represents the meson field.
The tensor coupling between ω meson and nucleon is neglected due to its small strength.
To apply the CD-Bonn potential to study the nuclear many-body system in the relativistic framework, the pseudovector (PV) coupling between pion and nucleon is taken in this work,
where the coupling constant f π is related to the pseudoscalar (PS) coupling constant g π , by
the on-shell-equivalent relation [36] 
Here M 1 and M 2 are the masses of two nucleons, respectively, and m π is the pion mass.
The contribution from each meson α to the NN interaction is expressed analytically by the scattering amplitude from the quantum field theory [12] ,
where q ′ and q are the relative momenta of two nucleons for in-and out-scattering states in center-of-mass (CM) framework. The vertex Γ α i (i = 1, 2) and the meson propagator P α /(k 2 + m 2 α ) can be directly generated from Lagrangians in Eqs. (1) and (4) . u(q) is the Dirac spinor of nucleon. The static approximation is adopted in the denominator of meson propagator to obtain an energy-independent NN potential. The explicit expressions for involved mesons are shown in the appendix B.
In addition, a form factor F α (k 2 ) should be introduced to treat the finite size of nucleon.
There are many choices for F α (k 2 ), like monopole form, dipole form, exponential form, and so on. In CD-Bonn potential, the monopole form factor is adopted at each vertex between meson and nucleon,
where m α is the mass of meson and Λ α the corresponding cut-off momentum. When the BbS choice is taken in the propagator part, the BS equation in the two-nucleon CM frame is reduced to [29] ,
After taking minimal relativity and the form factors, the complete interaction is constructed by
where It is found that the PV coupling provides more attractive contribution at higher momentum region comparing to the PS case, while they have the similar strength of matrix elements before on-shell momenta.
The PV coupling constant f π is related to PS coupling constant g π as shown in Eq. (5).
Traditionally, the πN coupling constants are expressed as g π for both PS coupling and PV coupling. To consider the charge symmetry breaking effect, g π in neutron-neutron (nn), proton-proton (pp), and neutron-proton (np) systems should be distinguished. Its value in np and nn systems can be expressed by g π (pp) with following relations [29] , In this work, the coupling constants and cut-off momenta of ω and ρ mesons are directly taken from the original CD-Bonn potential with PS coupling for all channels. The effect of tensor force in nuclear many-body system is a very hot topic in recent research. The strength of OPE potential determines the magnitude of tensor force in NN interaction directly. Therefore, we would like to choose three pion-nucleon coupling constants to produce the different tensor components following the idea of Bonn A, B, C potentials [36] . The corresponding coupling constants and cut-off momenta are listed in Table I . To reduce the uncertainties of coupling constants as much as possible, there is a constraint between g π and Λ π at free space, F The form factor can suppress the OPE potential at high momentum region largely. In Fig. 2 (a) , the products of g
, which can be regarded as effective coupling constants, for pvCD-Bonn A, B, C potentials are given as functions of momenta. Due to the influence of form factor, the effective coupling constants decrease rapidly with the momentum increasing. The πN coupling constant in pvCD-Bonn A is the largest one, however its pion contribution is the smallest in the three pvCD-Bonn potentials due to its minimum cut-off momentum. Its magnitude at k = 1000 MeV is nearly half of the one from pvCD-Bonn C potential.
In Fig. 2 (b) , the local OPE potentials from pvCD-Bonn A, B, C in coordinate space are plotted at isospin-singlet and spin-triplet channel, i. e. T = 0, S = 1. To show the influence of form factor, a free OPE potential is also given to be compared. The form factor mainly plays its role at high momentum region. Correspondingly, it exhibits the cut-off effect at short-range part in coordinate space. When the relative distance between two nucleons is larger than 1.5 fm, the OPE potentials with and without form factor are almost identical.
In the short-range region, the form factor changes the OPE potentials significantly. To describe the CSB of NN interaction precisely, the coupling constants and cut-off momenta of σ 1 and σ 2 mesons are fitted to reproduce the phase shifts of NN scattering analyzed by Nijmegen group in 1993, i.e., Nijmegen PWA [13] at each partial wave with J ≤ 4 following the scheme of Machleidt [29] . The NN laboratory energy is up to 300
MeV. The BbS equation is solved by matrix inversion method [40] through discretizing the integration with Gauss-Laguerre quadrature. The free parameters are looked for by a numerical minimization Fortran program, MINUIT.
The fitting optimal function is defined as As shown in the original CD-Bonn potential, at isospin T = 1 channel, pp, nn and np interactions are not independent due to CSB and CIB. Once one of these three interactions is determined, the other two channels will be fixed. Therefore, we firstly fit the pp interac- MeV by Entem et al. [27] are given as crosses. It is found that all data from Nijmegen PWA can be described very well and are consistent among these three potentials. There are slightly differences among pvCD-Bonn A, B, C potentials at the phase shifts of 3 F 2 channel and the mixing parameter, ε 2 at high input E lab . The 3 F 2 and 3 P 2 channels couple together due to the tensor operator. The mixing parameter, ε 2 , presents the strength of NN tensor interaction at J = 2. Therefore, these differences are easily understood due to the different tensor components in pvCD-Bonn A, B, C interactions. The phase shifts and mixing parameters generated by pvCD-Bonn C interaction are highly consistent with those from Nijmegen PWA and CD-Bonn potential at each partial wave, where the amplitudes of OPE potential are largest. Actually, the similar results were revealed in Bonn A, B, C potentials.Furthermore, it can be found that the phase shifts of 3 F 2 channel from the chiral potential are obvious deviations from other data. This is because that the phase shifts of 3 F 2 channel should be correctly described by sixth-order expansion in chiral potential [28] . The nn interactions were generated based on the pp interactions, by interchanging the proton mass to neutron mass and fitting the coupling constants of σ 1 and σ 2 mesons with the CSB phase shift differences from the nucleon mass splitting on kinematics, OBE diagram, and two-boson exchanges worked out by Machleidt in Ref. [29] . The phase shifts and mixing parameters of nn interactions from pvCD-Bonn A, B, C potentials are shown in Fig. 4 .
There is no phase shift data about nn scattering in Nijmegen PWA. Therefore, the phase shifts and mixing parameters from pvCD-Bonn A, B, C potentials are only compared with the results from CD-Bonn potential with PS coupling. They are slightly different at coupled channels, 3 F 2 -3 P 2 waves and mixing parameters, ε 2 , which are very similar with the pp case.
For the np (T = 1) potentials, the analogous procedure has been done. The proton mass is replaced by the average mass, M = M n M p . Furthermore, in the OPE potential, the positive and negative pions are also included in the exchanging between two nucleons, As an example, the coupling constants and masses of σ 1 and σ 2 mesons for pp, nn, np components of pvCD-Bonn C potential up to total angular momentum J = 4 are listed in Table II for np(T = 0) interaction. The tensor force in OBE potential is generated not only from pion but also from ρ and ω mesons. In Fig. 7 , the half on-shell matrix elements from pion, ω, and ρ mesons in pvCD- [40] . From these wave functions, the D/S-state ratio η, the asymptotic S- [41] P D = 6.06%, which has been shown in the Fig. 7 . In Ref. Therefore, the differences of P D in pvCD-Bonn C potential and origin CD-Bonn potential are completely generated by the PV and PS couplings.
In The squares of deuteron wave functions in momentum space for L = 0 and L = 2 states are shown in Fig. 9 obtained with our three potentials. They are very important for calculating the electromagnetic form factors of deuteron [49] . There are rapid declines for |ψ(k)| 2 at S state around k = 2 fm −1 , due to the strong repulsion of NN interaction at short distance, which changes the sign of deuteron wave function. Actually, there are also the similar behaviors for deuteron wave functions from other realistic NN interactions [49, 50] .
At small momentum regions, these wave functions from pvCD-Bonn A, B, C potentials are very similar, while they have obvious differences at high momentum region, which correspond to the short-range distance of NN interactions. Generally speaking, the pvCD-Bonn C potential can describe the phase shifts from Nijmegen PWA perfectly and generates the best properties of deuteron. Its D-state probability is higher than those from CD-Bonn potential and the latest N 4 LO chiral potentials, whose P D are all around 4%. Actually, the NN potentials with PV coupling usually generated a larger P D , which was shown in Bonn A, B, C potentials and the work by Caia et al. [30] .
IV. SUMMARY AND OUTLOOK
Based on the high-precision CD-Bonn potential, three revised NN potentials were proposed, where the pion-nucleon coupling was taken as pseudovector form instead of the original pseudoscalar one, named as pvCD-Bonn A, B, C potentials. There were also ω, ρ, and two scalar mesons, σ 1 and σ 2 , in these potentials besides pion. To describe the charge symmetry breaking and charge independence breaking of phase shifts from Nijmegen PWA more precisely, the coupling constants of σ 1 and σ 2 mesons were fitted independently at each partial wave. The strengths of one-pion-exchange component in pvCD-Bonn A, B, C potentials were obviously distinguished in terms of different cut-off momenta.
The phase shifts from these three potentials at non-coupled channels were consistent with those from Nijmegen PWA. The only differences appear in the mixing parameters of coupled channels due to the different tensor components. The pvCD-Bonn C potential can describe all phase shifts from Nijmegen PWA very well in all channels up to J = 4, which includes the strongest pion components. These potentials generate the similar properties of deuteron, such as D/S-state ratio, root-mean-square radius and the quadrupole moment, while the D-state probabilities from pvCD-Bonn A, B, C potentials were obviously different, which are 4.22%, 5.45%, 6.05%, respectively.
The original CD-Bonn potential has been applied to many aspects of nuclear physics and obtained great achievements. However it was very difficult to be used in relativistic framework due to the pseudoscalar pion-nucleon coupling, which generates a large attractive contribution from the nucleon-antinucleon excitation. Therefore, three charge-dependent one-boson-exchange potentials were proposed in this work with pion-nucleon pseudovector coupling by fitting the phase shifts from Nijmegen PWA. They could be widely adopted to calculate various nuclear many-body problems in the relativistic framework and to investigate the relativistic and tensor effects. literatures, which formulated the one-boson-exchange (OBE) potentials in LSJ basis in detail such as Refs. [11, 12, 29] . From the quantum field theory, the OBE potentials are derived from the free nucleon scattering amplitudes as shown in Eq. (6), where the Dirac spinor is obtained by solving a free Dirac equation and is normalized byūu = 1,
where
is the wave function of spin. Here, the anti-nucleon freedom is neglected.
The exact expressions of σ meson, pion with pseudovector coupling, ω meson can be ex- panded within the Dirac spinor as
where, the wave functions of spin and isospin operator are omitted and W ′ = E ′ + M and W = E + M. The expression of ρ meson is more complicated than other mesons due to the tensor coupling part:
where γ µ = (γ 0 , γ) is the conventional gamma matrices and k µ = (0, k) is the four-momenta between two interacting nucleons. The matrix elements of ρ meson (B5) is divided into 3 piecesV ρ =V vv +V vt +V tt . The vector-vector coupling part is
which is identical to the ω meson potential (B4). The vector-tensor coupling one is
The tensor-tensor coupling one is written as,
The full pvCD-Bonn potentials (9) are the sum of all meson contributions. In the above expressions, the spin structure from Dirac spinor are strongly dependent on the spin wave functions of in-and out-scattering states. The expectation values of spin structure are calculated within the spin wave function. To simplify the computational process, the helicity representation is adopted, where the spin is quantized along the direction of initial and final momenta, |λ . In principle, there are 16 terms for the λ 
with the coefficient
and
